prolyl hydroxylase ͉ inhibitor of growth
The hypoxia inducible factor (HIF) plays an important role in the progression of a number of pathophysiological processes including tumorigenesis. In addition to several well characterized oxygendependent modes of regulation, the function of the HIF transcription factor can also be influenced through the action of other regulatory pathways. Misregulation of these factors resulting in inappropriate HIF expression or activity can contribute to the progression of human cancers through the induction of genes promoting angiogenesis, glycolysis, cell survival, and metastasis, among other processes. The candidate tumor suppressor protein inhibitor of growth family member 4 prolyl hydroxylase ͉ inhibitor of growth T o maintain adequate levels of aerobic respiration, mammalian cells must be able to sense the status of O 2 availability and respond to changes in O 2 levels when they fall below critical levels. A key component of the hypoxic response pathway is the hypoxia inducible factor (HIF). Decreased O 2 within a cell results in HIF induction and the subsequent transcription of a number of target genes that promote adaptation to this environmental stress. The list of HIF targets includes genes affecting metabolism, O 2 delivery, angiogenesis, and cellular survival (1) . Consequently, HIF plays an important role in physiological and pathophysiological states in which O 2 supply is limiting (1, 2) .
HIF is an obligate heterodimer composed of a HIF-␤ subunit that is essentially insensitive to O 2 availability and a HIF-␣ subunit whose accumulation and activity is acutely responsive to O 2 levels (reviewed in refs. 1-3). Briefly, under normoxic conditions HIF-␣ is targeted for rapid proteosomal degradation after association with a protein ubiquitin ligase complex containing the product of the von Hippel-Lindau tumor suppressor gene (pVHL). pVHL fails to bind the ␣-subunit under hypoxic conditions, allowing HIF to accumulate. Differential recognition of HIF-␣ by VHL is mediated by hydroxylation of conserved proline residues within the HIF-␣ O 2 -dependent degradation domain (4) . Under normoxic conditions, HIF prolyl hydroxylases (HPHs; also called PHDs or EGLNs) efficiently modify these residues (5-7), a prerequisite for VHL binding to HIF-␣ (8, 9) . The HPH active site contains Fe(II) coordinated by a His-Xaa-Asp . . . His triad. These enzymes in turn bind 2-oxoglutarate, HIF-␣, and O 2 to effect hydroxylation of both the HIF-␣ subunit and 2-oxoglutarate. Hydroxylated 2-oxoglutarate undergoes decarboxylation to produce succinate and CO 2 . Because these enzymes require O 2 as a substrate for the hydroxylation reaction, they have been implicated as direct O 2 sensors in the hypoxic response pathway (10) . Independent of protein stability, coactivator recruitment by the C-terminal transactivation domain of HIF is also regulated by posttranslational hydroxylation (11) by another O 2 -dependent hydroxylase, factor inhibiting HIF 1 (FIH-1) (12) (13) (14) .
The hypoxic response pathway has been recognized as an important contributor to a number of cancers, because increased levels of HIF are often associated with increased tumor aggressiveness, therapeutic resistance, and mortality (15) . HIF can be induced as a result of intratumoral hypoxia stemming from rapid growth and͞or inefficient O 2 delivery from tortuous vasculature. Alternatively, HIF function can be altered in an O 2 -independent manner because of genetic alterations that activate signaling pathways or inactivate tumor suppressors (15) . Understanding of the mechanisms by which oncogenes or tumor suppressor genes affect HIF function sheds light not only on how their misregulation promotes cancer but also reveals physiologically relevant mechanisms by which cells fine-tune HIF activity under the borderline hypoxic conditions encountered by most ''normoxic'' tissues (16) (17) (18) .
Recently, inhibitor of growth family member 4 (ING4) has emerged as a strong candidate tumor suppressor protein, repressing tumor growth and angiogenesis (19) and the loss of contact inhibition (20) . ING4 is a member of a family of proteins characterized by a highly conserved C-terminal plant homeodomain (PHD)-like zinc-finger domain and implicated in a variety of processes including oncogenesis, apoptosis, DNA repair, and cell cycle control (21) . The best-studied ING family members reside in the nucleus where they positively or negatively regulate gene expression through interactions between their N terminus and chromatin-remodeling complexes containing histone acetyltransferases, histone deacetyltransferases, or factor acetyltransferases (21) . Although ING4's precise mode of action has yet to be elucidated, ING4 has been shown to interact with the RelA subunit of NF-B to suppress the expression of angiogenesis-related genes including IL-6, IL-8, and Cox-2 (19) . Here we show that ING4 also serves to suppress expression of HIF target genes under hypoxic conditions. Furthermore, HPH-2 directly interacts with ING4, providing a possible mechanism for ING4 recruitment to HIF. Interestingly, ING4 association with HPH-2 does not seem to affect hydroxylase activity or HIF stability. Instead, our data are consistent with a model in which ING4, recruited by HPH-2 to HIF under hypoxic conditions, acts as an adapter protein to recruit transcriptional repressors to mediate HIF activity.
Materials and Methods
Recombinant Protein Expression and Purification. Protein coding sequences for HPH-2 (GenBank accession no. AF229245) and ING4 (GenBank accession no. NM016162) were amplified by PCR and confirmed by sequencing. Recombinant FIH-1 was prepared as described (13) . The sequence encoding HPH-2 residues 181-426 (HPH-2C) was subcloned into the pHIS parallel vector (22) and purified by following the same procedure used for FIH-1 (13 Coimmunoprecipitation Assay. HeLa cells were transfected with ING4 in the p3XFLAG-CMV10 vector (Sigma) by using Lipofectamine plus reagent (Invitrogen). After 24 h, cells were lysed with 20 mM Tris⅐HCl (pH 7.5), 100 mM NaCl, 5 mM 2-mercaptoethanol, 1% Nonidet P-40, and Protease Inhibitor Mixture (Sigma). Lysates were precleared with Protein A-agarose beads (Roche Diagnostics) and incubated in the presence of preimmune serum or HPH-2C immune serum overnight at 4°C. Antibodyprotein complexes were precipitated with Protein A-agarose beads, washed extensively with lysis buffer, and eluted with SDS loading buffer. Coimmunoprecipitated 3XFLAG-tagged ING4 was detected by Western blot analysis using anti-FLAG M2 antibody (Sigma).
GST Pull-Downs. 35 S-labeled proteins were prepared in the TNT Coupled Reticulocyte Lysate System (Promega). Lysates containing 35 S-labeled proteins were incubated with GST fusion proteins immobilized on glutathione Sepharose 4B resin (Amersham Pharmacia) for 1 h at 4°C. After several washes with buffer containing 20 mM Tris⅐HCl (pH 7.5), 200 mM NaCl, 1 mM DTT, and 0.5% Nonidet P-40, bound proteins were eluted by boiling in SDS sample buffer and resolved by SDS͞PAGE. Subcellular Fractionation. HeLa cells were washed with ice-cold PBS and harvested by scraping. Cell pellets were resuspended in 10 mM Hepes-KOH (pH 7.5), incubated on ice for 10 min, and centrifuged at 2,400 ϫ g at 4°C for 5 min. Pellets were washed with 25 mM Hepes-KOH (pH 7.5), 3 mM MgCl 2 , 1 mM DTT, 0.1% Nonidet P-40, and 1:200 Protease Inhibitor Mixture and resuspended in the same buffer. Cells were lysed by passage through a 25-gauge needle and centrifuged for 30 s. The cytosolic supernatant was removed, and the nuclear pellets were washed three times before resuspension in 20 mM Hepes-KOH (pH 7.5), 400 mM KCl, 1 mM DTT, and 10% glycerol and incubated at 4°C for 30 min. The samples were centrifuged at 200,000 ϫ g for 45 min at 4°C to separate the extracted nuclear proteins from insoluble material. Chromatin Immunoprecipitation Assay. Briefly, a HeLa cell line stably transfected with the 3XHRE-tk-Luc reporter construct was maintained under hypoxic conditions (1% O 2 ) for 15 h. Crosslinking, lysate preparation, immunoprecipitations, and DNA purification were performed according to the experimental procedures described in ref. 25 . A 227-bp region of the 3XHRE promoter was amplified by using the following primers: 5Ј-AGTGCAGGTGC-CAGAACATT-3Ј and 5Ј-CGGTAGGTCGAGAGGTCAGA-3Ј. PCR products were separated by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide. Relative band intensities were quantitated with QUANTITY ONE (Bio-Rad) software.
Results

ING4 Represses Hypoxic Induction of HIF Target
Genes. siRNAs were used to efficiently suppress expression of ING4 in HeLa cells as determined by Western blot analysis (Fig. 1A) . The remaining protein signal could be due to low levels of unsuppressed ING4 or potential cross-reactivity with endogenous ING5. After siRNA treatment, cells were incubated under normoxic conditions or subjected to hypoxia to promote induction of HIF-responsive genes. When cells were treated with a control siRNA targeting GFP, two well characterized HIF target genes, Nip3 (23) and adenylate kinase 3 (AK3) (26) , were both induced in response to hypoxia as assessed by Northern blot analysis (Fig. 1B) . When ING4 expression was suppressed by either of two ING4-targeted siRNAs, the levels of both of these endogenous HIF target genes under hypoxic conditions typically increased an additional 2-to 3-fold relative to the GFP siRNA control-treated cells (Fig. 1B) . These increases in HIF-responsive gene expression were not due to an increase in nuclear HIF-1␣ levels ( Fig. 1 A) , suggesting that HIF activity, rather than HIF stability, was being suppressed by ING4. As expected, no effect of ING4 suppression was observed for these HIF target genes in conditions (normoxia) under which HIF-1␣ does not accumulate (Fig. 1 A) . Consistent with the ING4-dependent phenotype observed for NF-B-responsive genes (19) , there is an inverse relationship between ING4 levels and expression of HIF target genes in cells in which HIF has been induced by hypoxia.
HPH-2 Interacts with ING4.
Although we hypothesized that ING4 might interact directly with HIF, we were unable to detect such an interaction in a variety of assays (data not shown). However, we did detect an interaction between ING4 and a factor known to regulate HIF-␣ stability, HPH-2. An interaction between these two proteins was initially observed in a yeast two-hybrid screen in which the LexA DNA-binding domain (DBD) was fused to the catalytic hydroxylase domain of HPH-2 (HPH-2C). By itself, the LexA DBD͞HPH-2C fusion protein was not capable of activating reporter genes driven by the LexA promoter ( Fig. 2A) . When the yeast cells were cotransformed with a construct expressing ING4 fused to the GAL4 activation domain, activation of the LexA-responsive LacZ reporter gene was observed, indicative of a positive interaction between HPH-2C and ING4 (Fig. 2 A) .
To identify the region of ING4 that associates with HPH-2C, a series of N-and C-terminal deletion constructs were assayed. As shown in Fig. 2 A, residues 191-249 of ING4 , encompassing the PHD, are sufficient to interact with HPH-2C. Almost no interaction was observed with the first 198 residues of ING4. Consistent with these results, HPH-2C was able to interact strongly with full-length ING4 but only weakly with ING4 lacking the PHD in in vitro GST pull-down assays (Fig. 2B ). An interaction between HPH-2 and ING4 could also be detected in a coimmunoprecipitation assay (Fig. 2C) .
To further demonstrate a direct association between ING4 and HPH-2 in vitro, both proteins were expressed in bacteria and purified to near homogeneity. As shown in Fig. 3 , HPH-2C migrated as predicted for a 27-kDa monomer on a size exclusion column (Fig. 3B) , whereas the behavior of ING4 (predicted molecular mass of 29 kDa) was consistent with that of a multimeric species (Fig. 3A) . When the two proteins were incubated together, they were observed to migrate together in larger complexes (Fig.  3C) . In contrast, incubation of ING4 with another regulatory HIF hydroxylase, FIH-1, did not result in the appearance of a larger protein complex (Fig. 3E) . Together, these independent lines of evidence demonstrate a direct association between ING4 and HPH-2. (27) . However, localization studies performed with overexpressed GFP-HPH protein fusions indicate that HPH-2 resides primarily in the cytoplasm (28, 29) . To determine whether endogenous ING4 and HPH-2 both reside within the same subcellular compartment, we examined their distribution in HeLa cell extracts (Fig. 4) . After incubation, cells were lysed, and soluble cytosolic proteins were separated from insoluble cellular material, including intact nuclei, which was then subjected to high-salt extraction of nuclear proteins. As predicted, ING4 was found exclusively in the fraction containing extracted nuclear proteins. Contrary to the GFP-HPH-2 fusion results, endogenous HPH-2 was equally distributed in both fractions. These data provide evidence that a substantial portion of HPH-2 does reside in the nucleus, where it might promote O 2 -dependent degradation of nuclear HIF as well as associate with nuclear factors such as ING4.
ING4 Is Not an HPH-2 Substrate.
In addition to ING4, two-hybrid interactions can be observed between HPH-2C and the known HPH substrates, HIF-1␣ and HIF-2␣ (data not shown). Therefore, we speculated that the positive interaction could reflect an enzymesubstrate relationship between HPH-2 and ING4. Known targets for HPHs contain a conserved LXXLAP motif (30) . Although this sequence is not present in any of the ING family members, mutations can be tolerated adjacent to the proline residue in peptide substrates (31 (Fig. 1 A) , we reasoned that ING4 association with HPH-2 might directly affect hydroxylase activity. To test this hypothesis, hydroxylation of a HIF peptide substrate by HPH-2C was followed in the presence of increasing amounts of purified ING4. The ability of HPH-2C to hydroxylate HIF-␣ in this assay was assessed by subsequent interaction of the peptide substrate with 35 S-labeled VHL in a pull-down assay (6) . As shown in Fig. 6 , recombinant ING4 neither stimulated nor inhibited hydroxylation of the peptide substrate by HPH-2C. The lack of an effect of ING4 Both ING4 and HPH-2 are found among salt-extracted nuclear proteins. HeLa cells were incubated under normoxic (20% O 2) or hypoxic (1% O 2) conditions for 12 h. Soluble cytoplasmic (C) and salt-extracted nuclear (N) proteins were separated and analyzed by Western blot analysis with antibodies raised against ING4 or HPH-2. Antibodies to p-ATF-2 or annexin I were used to assess the integrity of the nuclear and cytoplasmic samples, respectively. on hydroxylase activity in vitro is consistent with the lack of change in nuclear HIF-1␣ protein levels when ING4 levels are suppressed by siRNA (Fig. 1 A) .
ING4 Suppresses HIF Activity in a Chromatin-Dependent Manner.
Because other ING family members interact with chromatinremodeling factors (21), we speculated that ING4 might likewise suppress HIF activity by recruiting factors that restrict accessibility of transcriptional machinery to the DNA. To begin to test this model, we compared the effect of siRNA-mediated ING4 suppression on the hypoxic induction of a HIF-responsive luciferase reporter driven by multiple HIF responsive elements, 3XHRE-tkLuc (32) , that was either stably (Fig. 7A) or transiently (Fig. 7B) transfected. After siRNA treatment, stably transfected cells were incubated under hypoxic conditions to promote the induction of the luciferase reporter gene. When cells were treated with a control GFP siRNA, relative luciferase activity was induced almost 10-fold in response to hypoxia (Fig. 7A) . When ING4 expression was suppressed, luciferase reporter activity under hypoxic conditions typically increased an additional 2-fold relative to the GFP-targeted siRNA controls. This result is entirely consistent with the data presented in Fig. 1B for endogenous HIF target genes. Consistent with our hypothesis, ING4, HPH-2, and a HIF subunit were each found to associate with the 3XHRE element under hypoxic conditions in a chromatin immunoprecipitation assay (Fig. 8) .
In contrast to the results observed with the stably transfected reporter, hypoxic induction of the transiently transfected reporter was unaffected by the ING4-targeted siRNA (Fig. 7B) . These results are consistent with a model in which ING4 suppresses HIF activity through the recruitment of chromatin-remodeling factors, because such factors would not be expected to affect transcription from transiently transfected (nonchromosomal) DNA.
Discussion
The HIF-dependent hypoxic response pathway is present in virtually every cell in the body and participates in physiological processes as well as disease states such as ischemia and cancer (1, 2, 15) . The discovery of the hydroxylases that mediate HIF-␣ stability and coactivator recruitment have provided a mechanism by which HIF function may be directly regulated by O 2 . Although the availability of O 2 to serve as a hydroxylase substrate plays a major role in determining the status of HIF induction in a given cell (10), both HIF expression and hydroxylase function are likely subject to additional layers of regulation involving signaling pathways, posttranslational modification, feedback loops, protein-protein interactions, and protein localization (1) . The extensive and dynamic regulation of HIF reflects not only its critical biological role but also the need to fine-tune HIF induction under physiologically relevant O 2 concentrations encountered under ''normoxic'' conditions in which the HIF transcription factors are often partially induced. Although the relationship between O 2 availability and hydroxylase activity may serve as a general determinant of HIF induction, multiple layers of regulation are likely required to subtly adapt HIF function in a variety of dynamic microenvironments.
The physiological importance and potential therapeutic utility of the hypoxic response pathway have driven the search for additional regulatory components. To that end, we investigated the candidate tumor suppressor ING4. An inverse relationship between ING4 expression and tumor growth and vascular volume in human glioblastomas and mouse xenograft models has been observed. Whereas two-hybrid and coimmunoprecipitation experiments have revealed an interaction between ING4 and NF-B (19), the precise mechanism by which ING4 suppresses NF-B function has not been determined. Although the HIF transcription factors are also frequently induced in many cancers, where they, too, promote tumorigenesis, in the aforementioned cell culture studies no change in expression levels of proangiogenic HIF target genes (i.e., VEGF) was observed after manipulation of ING4 (19) . However, it must be noted that these studies were not performed under hypoxic conditions where one would expect to see HIF induction. Suspecting that ING4 might also suppress HIF-mediated effects on tumor growth and angiogenesis, we examined the effects of ING4 on the levels of HIF target gene induction under both normoxic and hypoxic conditions. Consistent with our hypothesis, suppression of ING4 in HeLa cells led to a significant and reproducible increase in the induction of endogenous HIF target genes under hypoxic conditions. A similar result was obtained by using a stably transfected reporter gene driven by a minimal HIF-responsive promoter, supporting the contention that the effects of ING4 were mediated through HIF rather than other transcriptional regulators. Although transcriptional targets of NF-B have been reported to promote HIF induction by increasing HIF-1␣ stability (33), we do not believe that ING4 indirectly regulates HIF through NF-B by such a mechanism. In our studies, no change in HIF-1␣ stability was observed after ING4 suppression, and the effects of ING4 suppression were most pronounced under hypoxic conditions, unlike the effects of NF-B on HIF, which have been observed only under normoxia (33) .
Although ING4 seems to be directly recruited to NF-B, we were unable to detect a direct association between ING4 and HIF. Instead, ING4 associated directly with a known HIF regulator, HPH-2, in multiple assays. ING4 was not a substrate for HPH-2, nor did it affect HPH activity like the recently reported HPHinteracting factor OS-9 (34). Instead, this study provides evidence that a substantial fraction of HPH-2 resides in the nucleus where it can both mediate HIF degradation upon reoxygenation as well as associate with ING4 to affect HIF activity.
ING family members have been shown to promote chromatin remodeling through the recruitment of factors that promote or suppress transcriptional activation (21) . When O 2 levels are high, HPH-2 hydroxylates proline residues within the O 2 -dependent degradation domain and is subsequently displaced by the product of VHL (pVHL), leading to rapid HIF-␣ degradation and perhaps transcriptional repression through pVHL-mediated recruitment of histone deacetylases (12) . When O 2 levels are low, HIF-␣ recognition by HPH-2 may instead promote recruitment of chromatinremodeling factors to the promoter regions of HIF target genes via ING4. In the case of HIF-responsive genes in HeLa cells, these putative ING4-associated factors would seem to modestly suppress transcription. This could be due to local changes in the histone acetylation state or perhaps to changes in the acetylation state of nonhistone proteins including HIF itself. In support of a chromatinremodeling model, suppression of ING4 did not affect the expression of a transiently transfected HIF reporter that is not subject to regulation as a function of chromatin structure.
We have thus far focused our attention on ING4 association with HPH-2. Given the high conservation among the C-terminal regions of the three HPH proteins, it is possible that ING4 could also interact with the other members of the HPH family. Likewise, because the PHD is highly conserved among members of the ING family, HPHs may also interact with other ING proteins that could in turn recruit different sets of proteins to HIF and HIF-dependent promoters. Therefore, the precise consequence(s) of ING association with HPHs requires additional study and will likely be complicated by differences in function, protein recruitment, and expression patterns among the ING and HPH family members.
Together, these data demonstrate that the candidate tumor suppressor protein ING4 represses the function of other factors mediating tumor growth and angiogenesis in addition to NF-B. Furthermore, we describe a direct interaction between ING4 and a HIF regulatory factor, suggesting a mechanism for ING4 recruitment to HIF as well as an additional role for the HIF prolyl hydroxylases in mediating HIF function under hypoxic conditions. Lastly, we provide evidence that the repressive effects of ING4 depend on the context of transcribed target genes, implying that ING4's mode of action may depend on its ability to recruit chromatin-remodeling factors. Although candidate chromatinremodeling factors have been proposed to interact with ING4 (35) , additional studies will be required to identify the physiological complexes in which ING4 resides.
